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Abstract 
 
Cast precipitation hardened (PH) stainless steels 17-4 and 13-8+Mo are used in 
applications that require a combination of high strength and moderate corrosion resistance. 
Many such applications require fabrication and/or casting repair by fusion welding. The 
purpose of this work is to develop an understanding of microstructural evolution and 
resultant mechanical properties of these materials when subjected to thermal cycles 
characteristic of the heat affected zone (HAZ) in a fusion weld. Samples of each material 
were subjected to weld thermal cycles in solution treated and aged condition (S-A-W 
condition) and solution treated condition with a post weld thermal cycle age (S-W-A 
condition). Dilatometry was used to establish the onset of various phase transformation 
temperatures. Light optical microscopy (LOM) and microhardness measurements were 
used to characterize the microstructures and comparisons were made to gas tungsten arc 
welds (GTAW). Tensile testing was also performed. MatCalc thermodynamic and kinetic 
modeling software was used to predict the evolution of copper (Cu) rich body center cubic 
(BCC) precipitates in 17-4 and β-NiAl precipitates in 13-8+Mo. The yield strength was 
lower in the simulated HAZ samples of both materials prepared in the S-A-W condition 
when compared to their respective base metals. Samples prepared in the S-W-A condition 
had higher and more uniform yield strengths for both materials. Significant changes were 
observed in the matrix microstructure of various HAZ regions depending on the peak 
temperature, and these microstructural changes were interpreted with the aid of dilatometry 
results and microhardness indentations. Despite these significant changes to the matrix 
microstructure, the changes in mechanical properties appear to be governed primarily by 
the precipitation behavior. The decrease in strength in the HAZ samples prepared in the S-
2 
 
A-W condition was attributed to the dissolution of precipitates, which was supported by 
the MatCalc modeling results. MatCalc modeling results for samples in the S-A-W 
condition predicted uniform size of precipitates across all regions of the HAZ, and these 
predictions were supported by the observed trends in mechanical properties. These findings 
indicate that welding these PH stainless steels in the solution treated condition and using a 
post weld age will provide better and more uniform mechanical properties in the HAZ that 
are more consistent with the base metal properties. 
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Chapter 1: Literature Review on Precipitation 
Hardening Stainless Steels 
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Introduction 
Industrial Relevance 
Ti-6Al-4V is one of the alloys currently used as armor in military combat vehicles due to 
its light weight, ease of fabrication and its mechanical and ballistic properties 1. Mechanical 
properties of Ti-6Al-4V and two other alloys commonly used in military armor 
applications can be seen in Table 12. Ti-6Al-4V has superior properties to the other two 
alloys, but is more expensive and has higher manufacturing costs. Studies are currently 
being conducted to find materials which are more cost effective and possess comparable 
properties to Ti-6Al-4V 2. 
 
Precipitation hardening (PH) stainless steels are one of the material systems which are 
being investigated for potential replacements for Ti-6Al-4V.  These steels are typically 
denser than Ti-6Al-4V, but are less expensive, possess superior corrosion resistance and 
can achieve much higher strengths. If the strength to density ratio is increased enough in 
these alloys they could be considered suitable replacements for Ti-6Al-4V.  Heat treating 
studies have recently been performed on precipitation hardened stainless steels 13-8+Mo, 
17-4 and 17-4+Co to improve the strength their density ratio the resultant mechanical 
properties can be seen in Table 2. With the improved mechanical properties of these alloys 
they have become viable replacements for Ti-6Al-4V. Further experiments need to be 
performed to determine whether these alloys can maintain their mechanical properties 
during joining processes such as welding.  
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Precipitation Hardening Stainless Steels 
Background 
The first PH stainless steels were developed in the 1940’s by Smith et al. and many others 
have been developed since 3. Due to the high strength, corrosion resistance and relatively 
good ductility of these alloys they have been used for applications in the chemical, 
aerospace, naval and nuclear industries 4. Precipitation hardening is a class of stainless 
steels that obtains much of its strength from precipitation reactions. These materials contain 
alloying additions which can form fine nanometer scale precipitates during heat treating. 
When stresses are applied to these alloys the precipitates hinder the movement of 
dislocations subsequently increasing strength3,5. The corrosion resistance in stainless steels 
is typically due to the addition of Chromium(Cr) but Molybdenum (Mo) is another 
common alloying addition to these materials which can  improve corrosion resistance 5. 
Classification 
Precipitation strengthened stainless steels can be further classified as austenitic, semi-
austenitic, and martensitic based on their predominate microstructures 3. Martensitic PH 
stainless steels, also known as maraging stainless steels, are not only strengthened from 
precipitation hardening, but also from their martensitic matrix. These alloys solidify as 
100% ferrite, which then transforms almost entirely to austenite upon cooling and finally 
transforms into an almost entirely martensite upon further cooling. After the formation of 
martensite these alloys are then heated to a temperature below the austenite reversion line 
for several hours to allow the formation of precipitates. The microstructures for these alloys 
are typically martensite but can contain small amounts of retained austenite and δ-ferrite 
in the form of stringers. Ferrite stringers within a martensitic matrix of maraging 17-4 can 
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be seen in Figure 1 6. The precipitates are on the nanometer scale and cannot be viewed 
light optically. These precipitates will vary in composition according to the alloying 
elements present in the material 3. Maraging stainless steels 17-4 and 13-8 are hardened by 
copper (Cu) rich precipitates and nickel (Ni) aluminum (Al) precipitates, respectively. 
Purpose 
The purpose of this study is to determine the effects of welding on maraging stainless steels 
13-8 + Mo, 17-4, and 17-4 + Co. If welding proves to be detrimental to the mechanical 
properties of these materials, post weld heat treatments will be investigated in order to 
restore the properties. 
PH 17-4 Stainless Steel 
Development and Composition 
Development 
Shortly after the development of the first maraging stainless steels in the 1940’s a class of 
maraging stainless steels which used Cu precipitates for strengthening was developed, 
these alloys included 17-4PH and 15-5PH. 17-4PH was first commercially produced in 
1948 by Armco, the composition of this alloy that was used in this study can be seen in 
Table 3 7. The 17 and 4 stand for the approximate weight percent of Cr and Ni, respectively. 
The high Cr content is typical in stainless steels and is important for corrosion resistance.  
Alloying Additions 
The carbon (C) content coupled with the high Cr content in this alloy can be problematic 
by promoting the formation of chromium carbides (Cr23C6) along grain boundaries. In 
order to prevent the formation of these carbides a niobium (Nb) addition has been made to 
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this material. Nb is a common alloying addition to low alloy high strength steels because 
it acts as a grain refiner which increases strength and it also suppresses the formation of 
Cr23C6 by forming NbC instead
7. 
 
Silicon (Si) is added to maraging 17-4 to increase fluidity during the casting process but 
can be problematic by acting as a ferrite stabilizer. Increased amounts of ferrite will 
decrease the strength of the material. Therefore the Cr and Ni contents are balanced with 
the Si to act as austenite stabilizers and help prevent the formation of ferrite. Nitrogen (N) 
is added to this alloy to act as an additional austenite stabilizer, but also helps prevent the 
development of Cr23C6 by forming the finer Cr2N precipitates instead. Similarly a 
Manganese (Mn) addition is made to this alloy to act as an austenite stabilizer while also 
forming MnS to prevent the formation of the more detrimental FeS phase 5.  
 
Cu is the alloying addition in this material which contributes to the formation of 
strengthening precipitates. The low weight percent of Cu in the material ensures that it is 
fully soluble within austenite. When the material is austenitized and quenched it results in 
a supersaturated martensite matrix which when aged will result in the formation of fine Cu 
precipitates 5,7. 
Phase Constitution      
Solidification Sequence 
An Fe-Cr-C equilibrium phase diagram can be seen in Figure 2 8, the dashed line in the 
figure can be used to predict which phases may form during solidification and upon heating 
of 17-4 PH stainless steel 9. According the diagram it will solidify as body centered cubic 
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(BCC) δ-ferrite, followed by the transformation to face center cubic (FCC) austenite, and 
ends with the formation  of BCC α-ferrite and M23C6 carbides. However Figure 2 is an 
equilibrium diagram and does not predict the formation of body centered tetragonal (BCT) 
martensite. During cooling of cast or welded 17-4, the FCC austenite will transform almost 
entirely into martensite. Therefore the final structure of cast 17-4 usually consists of a 
martensitic matrix with 15-20% δ-ferrite in the form of stringers and small amounts of 
retained austenite 5,7. 
δ-ferrite 
Remnant δ-ferrite stringers can be seen within a rolled sample of 17-4 in Figure 3 9. The 
dark constituent in the figure is δ-ferrite and it can be seen that it is elongated in the rolling 
direction 9. Studies have shown that small amounts of δ-ferrite help prevent hot tearing 
during solidification of castings.  On the other hand, after solidification δ-ferrite has been 
proven to decrease ductility and impact toughness which increases the susceptibility of 
cracking during thermo mechanical treatments. Therefore it is important to eliminate as 
much of the δ-ferrite in the finished casting as possible, which can be achieved through a 
homogenization heat treatment  5,7. The kinetics of δ-ferrite dissolution during two different 
aging temperatures as a function of time can be seen in Figure 4 5. The graph contains data 
on Cb7Cu-1 which is the cast adaptation of 17-4. The compositions are nearly identical so 
it will be assumed that they are the same for the purposes of this literature review. It can 
be seen that  homogenization at 2125oF for about 10 hours (~ 600 minutes)  will result in 
dissolution of almost all of the δ-ferrite 5.  
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Austenite  
There are two types of austenite which can be found in the microstructure of 17-4, retained 
and reverted. Retained austenite refers to austenite that is formed upon solidification and 
does not transform to martensite; this form is typically found along martensite lath 
boundaries 5. The amount of retained austenite in the final microstructure depends on the 
martensite finish (Mf) temperature and the rate at which it is cooled to that temperature. If 
the Mf temperature is below the temperature that the material is cooled to there will be a 
certain amount of retained austenite because the martensite transformation will not have 
completely finished 10. When 17-4 is cast or welded, microsegregation can lead to regions 
of the material that are enriched in austenite stabilizing elements, which can also contribute 
to the retention of austenite 10. In a study performed by Abrahams et al., various cooling 
treatments were applied to samples of CB7Cu-1 which were given different high 
temperature heat treatments in order to determine how much retained austenite would be 
present in the final microstructure; the results can be seen in Table 4 5. According to the 
results the formation of retained austenite can be prevented by using a solution treatment 
of 1 hour at 1050ºC with a quench as slow as normalizing. Retained austenite typically 
decreases the yield and tensile strength of the material while increasing the impact 
toughness. These effects of retained austenite on the mechanical properties of a maraging 
stainless steel similar to 17-4 can be seen in Figure 5 11.     
 
Reverted austenite is formed during the heat treating of the material. When the alloy is 
heated to a temperature at or near the AC1 (austenite start temperature) martensite can 
transform back to austenite forming what is known as reverted austenite. Unlike retained 
austenite, reverted austenite is randomly dispersed throughout the microstructure and 
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typically has a more blocky morphology, this can be seen in Figure 6 3,5,7. Retained 
austenite has been found to form in regions nearer to precipitates, as these regions are 
enriched in alloying elements which will promote austenite formation 12. Reverted 
austenite will decrease strength and increase impact toughness of the material, but not to 
the same extent as retained austenite 5. Reverted austenite is typically enriched in Ni and 
Mn which are both austenite stabilizers and prevent it from transforming to martensite 
during deformation of the material, however, retained austenite is able to transform 
martensite when the material undergoes stress which enhances the impact toughness of the 
material 3. 
Martensite 
Martensite is the primary phase present in the matrix of maraging 17-4. When austenite is 
cooled rapidly it transforms to martensite through a shear mechanism, a diagram of this 
transformation can be seen in Figure 713. When FCC austenite shears to a BCC structure C 
and N get trapped in the octahedral sites resulting in the elongation of a BCC structure to 
form a BCT crystal structure 7. The microstructure of martensite consists of packets, blocks 
and laths as can be seen in Figure 814. Prior austenite grains form packets which contain 
blocks that consist of laths. The laths are separated by low angle boundaries and blocks are 
separated by high angle boundaries. When these alloys are heat treated the block 
boundaries migrate and the grains recrystallize relieving stresses and improving the 
toughness (strength decreases) 5,7. A light optical micrograph of tempered martensite can 
be seen in Figure 9, tempered martensite can be distinguished from untempered martensite 
by the carbides that form throughout the structure, as can be seen in the figure 12.  
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Precipitates 
After solidification and cooling the initial martensitic microstructure of maraging 17-4 is 
super saturated with Cu, which will precipitate out during aging at high enough 
temperatures for long enough times 5,7,15. Due to the nanometer size of the precipitates they 
cannot be viewed light optically and therefore must be viewed using transmission electron 
microscopy (TEM), a dark field TEM image of these precipitates can be seen in Figure 10 
12.  
 
The sequence of Cu precipitation is as follows: BCC Cu → 9R→ 3R→ FCC ε-Cu. Cu 
clusters which form due to segregation during solidification will initially precipitate as 
coherent nanometer sized BCC-Cu particles, as the size of the particles increase they form 
the twinned 9R structure, further increase in size leads to the un-twinned ellipsoid 3R 
structure, and finally when the particles exceed 30 nm they take the form of FCC-Cu 7. 
Precipitate growth depends on temperature and time which can be seen by looking at the 
time temperature transformation diagram (TTT) in Figure 11 15. 
 
Cr23C6 and niobium carbide (NbC) precipitates can also form during the aging of this alloy 
and will increase the overall strength of the material as well. However, excessive formation 
of Cr23C6 and formation of Cr23C6 along grain boundaries can lead to embrittlement 
7. A 
bright field TEM image of Cr23C6 within a sample of 17-4 can be seen in Figure 12 
16. 
Varying the heat treatment can change the amount of each of these constituents and 
therefore the mechanical properties of the alloy.  
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Heat Treatments and Mechanical Properties  
Heat treatments 
A diagram showing the typical heat treatment for precipitation hardened alloys can be seen 
in Figure 13 5. The three steps which can be seen in the figure are homogenization, solution 
annealing and secondary aging. The homogenization step is performed at a temperature 
well above AC3 to reverse the segregation that occurs during solidification after which the 
material is slowly cooled to room temperature. Solution annealing is performed at a 
temperature above AC3 to create a completely austenitic microstructure which will be 
rapidly quenched, typically in water, to produce a completely martensitic microstructure. 
Finally the material is aged at a temperature below AC1 to allow formation of precipitates 
and to temper the martensitic matrix 3,5,7. The specific aging time and temperature will 
determine the size and coherency of the precipitates which will therefore determine the 
overall strengthening of the material 
Hardness Measurements 
Hardness measurements were taken during experiments performed by Abrahams 5 at 
Pennsylvania State University (PSU) to determine the aging response of Cb7Cu-1 after a 
typical homogenization and solution heat treatment which was followed by aging at various 
times and temperatures, the results can be seen in Figure 14 5. It can be seen that aging at 
temperatures between 450ºC and 500ºC produce the highest hardness at aging times around 
2-3 hours and at temperatures beyond 500ºC the peak hardness begins to drops off 5. This 
data is consistent with results found by Mirzadeh and Najafizadeh during studies on the 
aging kinetics of 17-4, their findings can be seen in Figure 15 15. The influence of aging 
condition and the precipitation kinetics of 17-4 PH stainless steel (AISI 630) were studied 
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in this paper. The effect of aging temperature and time in terms of tempering parameter on 
the strengthening behavior of this steel was modeled and analyzed by means of artificial 
neural networks (ANNs). The hardening, overaging and softening behaviors in accordance 
to aging reactions (precipitation and coarsening of Cu, recovery, and reversion of 
martensite to austenite) were determined from this ANN model. Moreover, Johnson-Mehl-
Avrami-Kolmogorov (JMAK) analysis were applied to characterize precipitation kinetics 
of this martensitic age hardenable alloy. Time exponents (0.465 on average) were within 
the range reported for maraging steels. The activation energy for precipitation reaction was 
determined as 262 kJmol-1 which is consistent with the activation energy for diffusion of 
copper in ferrite. Furthermore, precipitation rate showed exponential dependence on aging 
temperature. Data compiled by Wanjara and Jahazi also supports these results and their 
findings can be seen Table 59. Looking at the data it can be seen that there is a rapid increase 
in the hardness with aging of maraging 17-4 until it peaks at around 480 HV, at which point 
it begins the gradually decline. This behavior is typically associated with precipitate 
growth, which will be discussed further in the next section, but is also effected by austenite 
reversion and tempering of the martensitic matrix 15. 
Effect of Heat Treatment on Precipitation 
Cu precipitates begin growth as coherent particles within the matrix, as the radius of the 
particle increases the critical resolved shear stress increases as well which helps determine 
the hardness of the material. This relationship between shear stress and particle size can be 
seen in Friedel equation for spherical particles 5. 
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𝜏𝑝 = 𝐴∆
2/3 (
𝑟𝑓
2𝑆
)
1/2
   (𝐸𝑞. 1) 
Where:  
𝜏𝑝 = 𝐶𝑅𝑆𝑆 (𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑠𝑜𝑙𝑣𝑒𝑑 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠) 
𝐴 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
∆ = 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑎𝑛𝑑 𝑚𝑎𝑡𝑟𝑖𝑥 
𝑆 = 𝐷𝑖𝑠𝑜𝑙𝑐𝑎𝑡𝑖𝑜𝑛 𝑙𝑖𝑛𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 
𝑟 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 𝑠𝑖𝑧𝑒 
𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
 
Looking at equation 1 it can be seen that as the radius of the particle increases so does the 
stress required for a particle to shear. It is understood that the strength increase due to 
precipitation depends on the stress it takes for dislocation lines to shear a particle. If the 
alloy is held at a high enough temperature the precipitates will continue to grow because 
larger precipitates are more thermodynamically favorable, which will therefore increase 
the shear stress and subsequently the strength. Eventually the growth of the particles 
reaches a point where the particles become incoherent and the lattice planes of the 
precipitate no longer line up with the matrix as can be seen in Figure 16 17 , at this point 
the dislocations will climb around the particles rather than shearing through them which 
decreases the material strength. When the dislocations begin to climb around rather than 
shear through the particles equation 1 is no longer applicable because larger particles will 
be growing at the expense of smaller particles and as the radius (r) increases the volume 
fraction (f) will remain constant. This theory can be used to interpret the aging response 
which was seen in Figure 14. The rapid increase in hardness is associated with the early 
stage of precipitate growth in which the precipitates are coherent and the dislocation shear 
through the particles. The gradual decrease in hardness which can be seen in the figure can 
be associated with over coarsening and incoherency of the particles which causes 
dislocation lines to bypass the particles rather than shear through them 5. 
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Martensite Tempering and Reversion of Austenite 
Other mechanisms which can contribute to the decrease in hardness of aged 17-4 are 
martensite tempering and reversion of austenite. When martensite is tempered internal 
stresses are relieved. This increases the ductility of the material, which is seen as a decrease 
in hardness. Reversion of austenite is possible at or near the AC1 Temperature, when aging 
in this range martensite can transform back to austenite which is a much more ductile phase 
and will decrease the hardness 5,15. 
Mechanical Properties 
A standard practice heat treatment for Cb7Cu-1 can be seen in Table 6 5. The mechanical 
properties of the as-cast and heat treated material can be seen in Table 7 5. It can be seen 
from the data that there is a significant increase in strength in the samples which were 
solution treated and aged when compared to the as-cast samples. The results can again be 
explained by the formation of precipitates during the aging process 5,15. 
Experimental Heat Treatments for Improved Mechanical Properties 
Hot isostatic pressing (HIP) is another heat treatment which has been explored as a way to 
improve the properties of maraging stainless steels. The HIP process consists of holding a 
solid material at a high temperature under high pressures to promote plastic flow of 
material which can close internal pores and therefore improve the mechanical properties of 
the material. This process can be especially important with cast materials as porosity is a 
common issue with the casting process 5. Standard practice heat treatments for Cb7Cu-1 
with an added homogenization step and a HIP treatment can be seen in Table 6 5, the change 
in mechanical properties associated with the heat treatment can be seen in Table 7 5. The 
mechanical properties of the samples which were HIPed are similar to the samples which 
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were not with the exception of a significant increase in the ductility with certain aging 
times. The increase in elongation is partly due to the decrease in micro-porosity which is a 
result of the HIP process 5.  
 
In other studies performed by Abrahams homogenization and solution treatments were 
used in combination with a HIP treatment and either a single or a double aging step in an 
attempt to optimize the properties of Cb7Cu-1. The multistage aging treatments can be seen 
in Table 8 5 and the effect of those treatments on the mechanical properties  can be seen in 
Table 9 5. The best combination of mechanical properties was produced in the sample 
which was aged at 850oF for 1 hour and then again at 900oF for 4 hours. In an attempt to 
further optimize the mechanical properties an additional HIP treatment was added to the 
procedure, resulting in increased strength and impact toughness. 
Welding of PH 17-4 Stainless Steel 
Typically maraging stainless steels are welded in the solution treated condition before 
precipitates form. Solidification and cooling of the fusion zone (FZ) during welding occurs 
fast enough that no precipitation will occur and therefore the weld metal will be similar to 
the solution treated base metal in both microstructure and properties (the microstructures 
will not be identical, however to microsegregation in the FZ). At this point the weld can be 
given a single post weld heat treatment (PWHT) aging step which will temper the 
martensite and promote precipitation hardening in both the base and weld metal 3. Welding 
of maraging stainless steels in the fully hardened state can result in overaging of the HAZ, 
which will result in a decrease in strength. After welding in the fully hardened state a post 
weld solution treatment is typically performed followed by an aging treatment 3. 
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Electron Beam (EB) Welding 
In studies performed by Wanjara and Jahazi EB welds were made on samples of 17-4 PH 
stainless steel, the microstructures of the heat affected zone (HAZ) were analyzed, hardness 
measurements were taken, and PWHT’s were investigated. The welds were made on 17-4 
which was solution treated at 1038ºC for 30 minutes and air cooled to 32ºC. A cross-section 
of an EB weld on a sample of 17-4 PH stainless steel can be seen in Figure 17 9 with 4 
different HAZ regions labeled. Light optical microscopy (LOM) and different etching 
techniques were used to characterize the microstructures in the FZ and in the 4 different 
HAZ regions; these images can be seen in Figures 18-22 9. The temperature profile and 
hardness measurements through all regions of the weld can be seen in Figure 23 9. 
 
The FZ microstructure consists of a martensitic matrix with δ-ferrite stringers in the 
interdendritic regions, which were rich in ferrite stabilizers. Using the equilibrium phase 
diagram from Figure 2 9 as a guide it can also be expected that Cr23C6 carbides are present 
even though they cannot be viewed light optically. The region of the HAZ adjacent to the 
FZ (HAZ 1) consists of retransformed martensite with reverted austenite and an increased 
amount of ferrite. The temperatures reached in this region will result in the complete 
dissolution of Cr23C6, which can be seen by looking at the Fe-Cr-C phase diagram and also 
the dissolution of Cu precipitates. The dissolution of these carbides and precipitates 
decreases the hardness in this region and also increases the Cr in solution. Cr is a ferrite 
stabilizer which is why an increased amount of ferrite can be seen in HAZ 1 9. The hardness 
increases through HAZ 2 and the microstructure can be seen to evolve from a darker 
constituent to a lighter one. The change in hardness and microstructure here is thought to 
be associated with the formation and coarsening of Cr23C6 carbides and copper precipitates 
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though TEM analysis would be needed to confirm this prediction. The darker regions of 
HAZ 2 are closer to the FZ and experience higher temperatures which result in over 
coarsening of the carbides and lower hardness. The growth of the carbides pulls Cr from 
the matrix and decreases its corrosion resistance resulting in a darker etch. The lighter 
region of HAZ 2 does not experience temperatures as high and results in finer carbides and 
higher hardness 9. Peak HAZ hardness is found in region 3. The microstructure here 
consists of a combination of retransformed martensite, overaged martensite and retained 
austenite, the increase in hardness is associated with Cu precipitation which can occur in 
the temperature ranges seen in this region (627ºC-704ºC) 9. Hardness then decreases 
through HAZ 4 until it reaches the hardness of the solution treated base metal, the 
similarities in microstructures between HAZ 4 and the base metal indicate that the change 
in hardness is related to different amounts of Cu precipitation which cannot be viewed light 
optically 9. 
 
The large variations in hardness and microstructure in such a small area could prove to be 
problematic therefore PWHT’s were analyzed. Hardness traces of the EB weld in the as 
welded condition and after being given PWHT’s of 2 hours at 500ºC and 600ºC can be 
seen in Figure 24 9 and Figure 25 9. Both PWHT’s homogenized the hardness though the 
HAZ and greatly increased the hardness in the FZ. Hardness of the base metal did not 
increase as much when aged at 600ºC as it did when aged at 500ºC, these variations in 
hardness were associated with precipitation growth and coarsening 9. The effect of EB 
welding and the PWHT’s on the mechanical properties of 17-4 PH that were found by 
Wanjara and Jahazi can be seen in Table 10 9. The tensile strength, ductility and yield 
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strength are given for 17-4 in the unwelded condition, in the EB welded condition with 
different thicknesses and heat inputs, and in the PWHT condition. It can be seen from the 
data that the properties between the unwelded and welded material are relatively similar 
and that there is a significant increase in strength that is not accompanied by a decrease in 
elongation when the material is given a PWHT of 1 hour at 450ºC. These results are 
consistent with data on EB welded 17-4 PH from experiments performed by Islam et al. 
which can be seen in Table 1118. The average yield strength, tensile strength, elongation 
and hardness are given for unwelded and welded samples of 17-4. It can be seen from the 
data that the both the tensile and yield strength are within 50 MPa of each other for the 
welded and unwelded samples and that the hardness and elongation are within 2 HRC and 
1 mm, respectively. Therefore it is shown that mechanical properties are not substantially 
effected during EB welding in the solution treated condition, but PWHT’s can still improve 
overall mechanical properties9,18. 
Gas Metal Arc Welding (GMAW) 
Bhaduri and Venkadesan performed experiments to determine the effects of GMAW on 
the microstructure and mechanical properties of the HAZ of 17-4 PH stainless steel that 
was treated in three different conditions. GMAW welds were made on samples of 17-4 PH 
stainless steel which were solution treated, solution treated then aged, and solution treated 
then overaged. Microstructural observations were made and hardness measurements were 
taken. 
 
The microstructure of the HAZ from the fusion line to the unaffected base metal for the 
sample which was welded in the solution treated condition can be seen in Figure 26 19. The 
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base metal (Figure 26d) consists of virgin lath martensite with around 10% δ-ferrite in the 
form of stringers. Moving in from the base metal, the first two regions of the HAZ (Figure 
26c and b) contain tempered martensite and have reached temperatures in which 
precipitation of Cu can occur, though it cannot be viewed light optically. The HAZ near 
the FZ was observed to have a retransformed martensite (un-tempered martensite), reverted 
austenite, and δ-ferrite stringers which have now become discontinuous. Microhardness 
measurements across the HAZ of the weld can be seen in Figure 27 19. The hardness 
increases from the FZ to the base metal which can be explained by the microstructural 
progression, the retransformed martensite and austenite near the fusion zone will not be as 
hard as the aged martensite which contains precipitates19. 
 
The microstructure of the HAZ from the fusion line to the unaffected base metal for the 
sample which was welded in the aged condition can be seen in Figure 28 19. The base metal 
microstructure consists of aged martensite and contains around 10% δ-ferrite, precipitates 
are also present but they cannot be viewed light optically. In the HAZ near the base metal 
the microstructure becomes overaged to varying degrees depending on the distance from 
the fusion line and austenite reforms along prior austenite grain boundaries. The HAZ near 
the FZ contains retransformed martensite, reverted austenite and discontinuous ferrite 
stingers as was seen in the solution treated condition but it also contains the presence of 
undissolved carbides. The hardness profile through the HAZ and base metal for this weld 
can be seen in Figure 29 19. The hardness increases through the HAZ much like in the 
solution treated condition and levels off at the base metal hardness. However, hardness of 
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this weld is higher in both the HAZ and the base metal when compared to the solution 
treated weld, because this sample was aged hardened prior to welding19. 
 
The microstructure of the HAZ from the fusion line to the unaffected base metal for the 
sample which was welded in the overaged condition can be seen in Figure 30 19. The 
microstructural evolution is similar to what is seen in the aged condition except the 
martensite is heavily overaged and there is not as much reverted austenite formed. In the 
HAZ near the FZ more undissolved carbides and precipitation of NbC can be seen. The 
hardness profile for the HAZ and base metal of this sample can be seen in Figure 31 19. 
The constant hardness in the figure is a result of the uniform overaged martensitic 
microstructure. The hardness throughout the overaged sample is lower when compared to 
the other two samples because the precipitates have become  coarsened 19. 
 
PWHT’s would most likely be applied to the GMAW welds made during these experiments 
in order to optimize the hardness while also producing a more uniform microstructure 
between the HAZ and base metal. The welds made on the aged and overaged material 
would require a solution treatment to dissolve the carbides and over aged precipitates as 
well as reverse some of the effects of microsegregation. After the samples were solution 
treated they would have a relatively uniform microstructure and the materials could then 
be aged to promote precipitation. Two step aging processes are not as economical however 
and it would be better to weld the samples in the solution treated condition so that one post 
weld aging step would promote precipitation in both the base metal and FZ. 
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Gas Tungsten Arc Welding (GTAW) 
Das et al. performed experiments to determine the effect of welding 17-4 PH stainless steel 
in the overaged condition. Samples of 17-4 were solution treated at 1040ºC for 1 hour, air 
cooled, and then over aged at 621ºC for 4 hours. Overaged samples of 17-4 were then 
welded using GTAW and then given PWHT’s of 1, 2, and 4 hours at 482, 540, and 621ºC. 
The microstructures were analyzed characterized using LOM and the mechanical 
properties were measured. The microstructure of the solution annealed samples before 
aging consisted of δ-ferrite stringers in a martensitic matrix with fine carbide precipitates 
along the lath boundaries which can be seen in Figure 32 4. After overaging the samples at 
621ºC for  4 hours the martensite becomes tempered, there is much more precipitation of 
carbides, the δ-ferrite stringers become discontinuous, and what is believed to be reverted 
austenite can be found along the prior austenite grain boundaries, this can be seen in  Figure 
33 4. The microstructure across the weld metal/base metal interface can be seen for the as 
welded condition in Figure 34 4. The microstructure of the weld metal is martensitic with 
interdendritic δ-ferrite and no significant carbide precipitation. The amount of δ-ferrite 
decreases in the HAZ as distance from the FZ increases 4. 
 
Hardness plots for the overaged samples which were given PWHT’s of 482, 540, and 621ºC 
can be seen in Figure 35 4, Figure 36 4 and Figure 37 4 respectively. All of the plots also 
contain the as-welded hardness trace. The variations in hardness through the HAZ of the 
as-welded sample can be explained by the microstructural changes. The HAZ near the 
fusion line experiences temperatures in the austenite + δ-ferrite phase field which will 
result in the increase in the amount of δ-ferrite. This δ-ferrite will be retained in the HAZ 
microstructure because the rapid cooling rate experienced during welding will not give 
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enough time for δ-ferrite to transform back to austenite. The increase in the amount of δ-
ferrite decreases the hardness in this region of the HAZ by decreasing the amount of 
martensite. The next section of the HAZ will experience temperatures below AC3 which 
will result in the dissolution of carbides, austenite growth, and transformation of some δ-
ferrite to austenite. Upon cooling the newly formed austenite will transform to martensite 
increasing the hardness in this region. Moving further into the HAZ from the fusion line 
will result in temperatures just above AC1 which will result in the reversion of austenite 
and tempering of the martensite which will decrease the hardness. Finally in the last region 
of the HAZ near the base metal the temperature is just below AC1 and no signification 
change takes place except minor precipitation which increases the hardness slightly 4. 
Samples which were then aged at 482ºC showed the highest hardness, the second highest 
was found in the samples aged at 540ºC, the next highest was the as-welded samples and 
finally the samples aged at 621ºC showed the lowest hardness. These hardness trends were 
found to be associated with precipitation growth and over coarsening 4. One interesting 
observation is that the hardness increases in the base metal though it is already in the 
overaged condition, the authors did not describe the reason for this, but one possible 
explanation could be the formation of M23C6 carbides which are known to form in this 
alloy at aging temperatures 9.  
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Cobalt Modified 17-4 PH Stainless Steel 
 
Studies have been performed by Murthy et al. at the Missouri University of Science and 
Technology to determine the how the addition of Co will affect the properties of 17-4 PH 
stainless steel. Samples of 17-4 were prepared with a 0, 3, and 7% Co addition to test the 
effect of varying amounts of Co on the homogenization, microstructure, mechanical 
properties and precipitation of this alloy.   
Effect of Co Addition Heat Treatments on Microstructure 
Homogenization treatments were performed at 1200ºC for 4, 10.5, and 72 hours on the 
three different compositions of 17-4. The samples without Co contained between 5-20% 
δ-ferrite whereas the samples containing 3 and 7% Co were free of δ-ferrite, the 
microstructures of these samples can be seen in Figure 38 7. Austenite conditioning at 
1050ºC for 1 hour was performed followed by a salt bath quenched to 150ºC. After the heat 
treatment no retained austenite could be found using X-ray analysis. Various aging 
treatments were applied and hardness measurements were taken to determine the peak 
aging times and temperatures for each sample, the results can be seen in Table 12 7. Peak 
hardness was found when aging at 454ºC for 2, 2, and 4 hours for the samples with 0%, 
3% and 7% Co respectively. The addition of Co increased the peak aging times as well as 
the overall peak hardness. It was also noted that the increase in Co inhibited the 
recrystallization and block growth, by hindering the migration of high angle boundaries 
from areas of high dislocation density to low 7.  
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Effect of Co Addition on Precipitation 
Atom probe tomography was used to determine the effects of Co on the size and 
distribution of Cu precipitation. Equation 2 was used to calculate the approximate volume 
equivalent radius in Cu precipitates within these alloys. 
 
𝑉 =
𝑛
𝜌𝑎𝑡𝑜𝑚𝑖𝑐×𝑓
    (𝐸𝑞. 2)  
 
Where: 
𝑉 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒 
𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝐶𝑢 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒  
𝜌𝑎𝑡𝑜𝑚𝑖𝑐 = 𝑎𝑡𝑜𝑚𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐵𝐶𝐶 𝐹𝑒 
𝑓 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (0.5)  
 
Using the estimated radii a 40nm x 40nm x 40nm representative Isosurface was constructed 
for each of the three compositions, these diagrams can be seen in Figure 39 7. The particle 
size distribution was also measured and can be seen in Figure 40 7. Looking at the figures 
it can be seen that both the particle size and size distribution were found to decrease with 
the addition of Co 7.  This effect is believed to be caused by the strong bonding between 
Co and Fe which prevents Co from forming in the Cu precipitates decreasing their size 7.   
Effect of Co Addition on Mechanical Properties 
The mechanical properties resulting from the addition of Co to 17-4 in peak aged condition 
can be seen in Table 13 7. The Co addition was found to increase yield strength, ultimate 
tensile strength, elongation and impact toughness. The improved strength with the Co 
addition is associated with the decrease in precipitate size and the decrease in martensite 
block size. The increase in toughness is associated with the decrease in block size as well 
but also the elimination of δ-Ferrite 7.  
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 Effect of Co Addition on Welding of 17-4 
No literature could be found on the welding of Co modified 17-4PH stainless steel. The 
suppression of δ-ferrite in cast 17-4+Co suggests there will be less δ-ferrite present in both 
the weld metal and HAZ of welds made on this alloy which should change the mechanical 
properties significantly. It was seen earlier that in the case of 17-4 without Co, decreases 
in hardness and strength arose from in the increases in δ-ferrite in the HAZ because the δ-
ferrite forms in place of martensite. Therefore it is likely the suppression of δ-ferrite will 
increase the strength and hardness in these regions of the HAZ. Investigations will be 
performed during this study to determine the effect of welding on the HAZ of Co modified 
17-4 PH.  
PH 13-8+Mo Stainless Steel 
Development and Composition 
13-8+Mo PH is maraging stainless steel which is strengthened by β-NiAl precipitates and 
can obtain strengths higher than 17-4 PH. This alloy was developed as a solution to Co 
containing maraging stainless steels due to the high cost and low availability of Co in the 
1960’s. It was a registered trademark of ARMCO Steel Corporation and like all maraging 
stainless steels, 13-8 possesses the combination of high strength and corrosion resistance 
which makes it useful in applications in the aircraft, petrochemical and the nuclear 
industries 20,21. The composition of 13-8+Mo used in this study can be seen in Table 3. The 
13 and 8 represent the approximate amount of Cr and Ni in this alloy. The Cr is important 
for corrosion resistance and Ni acts as austenite stabilizers to prevent the formation of 
excessive ferrite during solidification of this alloy. Other elements include Si which is 
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added to increase the fluidity during casting, Mo which is important for improving the 
corrosion resistance, and Al which is added for precipitation strengthening. 
Phase Constitution 
Martensite, Austenite, δ-Ferrite 
13-8+Mo stainless steel solidifies in the same manner as 17-4. Solidification begins as 
100% δ-ferrite which then transforms almost entirely to austenite and then to martensite. 
The final microstructure consists of martensite with residual δ-ferrite and possibly small 
amounts of retained austenite 22. A micrograph of the martensitic matrix of a sample 13-
8+Mo can be seen in Figure 41 22. A higher magnification TEM micrograph of that same 
region can be seen in Figure 42 22, which shows the presence of δ-ferrite and a dark field 
TEM micrograph taken of solution treated 13-8+Mo showing the presence of retained 
austenite can be seen in Figure 43 23. The amount of each constituent present will depend 
on the processing and heat treatment of the alloy. 
Precipitates and Other Secondary Phases 
Nanometer sized precipitates form upon aging of this 13-8+Mo which cannot be resolved 
light optically. TEM micrographs of a martensitic matrix which contains β-NiAl 
precipitates and other secondary phases can be seen in Figure 44 24. It can be seen from the 
image that M23C6 type carbides and Laves can form under certain heat treating conditions. 
M23C6 carbides and Laves phase have been known to cause embrittlement. However it has 
been observed that the quantity of these phases that form in 13-8+Mo has negligible effects 
on the mechanical properties 24. 
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Precipitation in 13-8+Mo PH SS 
The β-NiAl precipitates which form during aging of 13-8+Mo consist of the B2 structure 
which can be seen in the diagram in Figure 45 25. The formation of these precipitates begins 
with the formation of solute-rich clusters also known as Guiner-Preston zones 26. Upon 
heating, finely distributed particles which are coherent with the matrix form and when held 
at elevated temperatures for long enough times the particles become incoherent and the 
material can soften. A dark field and bright field image accompanied by a selected area 
diffraction pattern (SAD) of β-NiAl precipitates in a martensite matrix of 13-8 can be seen 
in Figure 46 26. In the images it appears that the precipitates form preferentially in certain 
regions, however further analysis would need to be performed to determine where and why. 
The sample from Figure 46 was aged for 4 hours at 575ºC so that the precipitates could be 
resolved. It has been determined that 13-8+Mo is very resistant to overaging, therefore 
when aging at lower temperatures it can be very difficult observe precipitates, even with a 
TEM 24,26. Seetharaman et al. hypothesized that the reason β-NiAl precipitates are so 
resistant to overaging in PH 13-8+Mo is because the mismatch between the lattice 
parameter of the particles and the matrix remains relatively low during aging because the 
lattice parameter of NiAl was only reported to vary from 2.864 to 2.889Å and therefore the 
particles remain coherent 26. 
 
Studies performed by Seetharaman et al. determined that the strengthening mechanism of 
the precipitates found in 13-8+Mo was a combination of coherency hardening, modulus 
hardening, and order hardening. These mechanisms contribute to the overall shear stress 
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required for dislocation lines to shear a precipitate particle which determines the strength 
of the material as can be seen from looking at Equation 1 26. 
Heat Treatment, Mechanical Properties, Microstructural Evolution  
Heat Treatment of 13-8+Mo 
The typical heat treatment for 13-8+Mo consists of a homogenization treatment with a slow 
cooling, followed by a solution treatment with a rapid quench, and then an aging step at 
some temperature below AC1. Peak aging temperatures for 13-8+Mo were found to be 
between 500 and 550ºC when aging for 4 hours by Seetharaman et al., their results can be 
seen in Figure 47 26. These results are consistent with the results found by Lynch et al., 
they determined the peak aging temperatures to be 510ºC and 535ºC 27.  
Effect of Heat Treatments on Mechanical Properties 
Data on the mechanical properties of 13-8+Mo when aged at peak temperature and 
temperatures above peak temperature can be seen in Figure 48 24. It can be seen that when 
aging at temperatures above the peak aging temperature there is a sharp decrease in strength 
and an increase in elongation and impact toughness. Three microstructural features can be 
used to describe the trends in hardness and mechanical properties of this material; 
precipitation, recovery/tempering of martensite, and reversion of austenite.  It was 
discussed earlier that β-NiAl precipitates are primarily responsible for increasing the 
strength of 13-8 during aging, it was also determined that the precipitates tend to remain 
coherent at high temperatures and are resistant to coarsening. Therefore it has been 
determined that the decrease in strength which occurs when aging at temperatures above 
the peak temperature is not associated with precipitation but with reversion of austenite 
and recovery of martensite. 
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Microstructural Evolution 
Studies were performed by Schnitzer et al. on the presence of reverted austenite in 13-
8+Mo. In their findings it was determined that reversion of austenite occurs simultaneously 
to precipitation of β-NiAl. Significant reversion takes place when aging at 575ºC for 
prolonged times, and the reverted austenite is enriched with Ni and Mn 20. The enrichment 
of the reverted austenite with Ni and Mn ensures that it is retained when cooled to room 
temperature because both Ni and Mn are austenite stabilizers. Other studies performed by 
Seetharaman et al. determined that austenite reversion becomes detectable when aging at 
525ºC and rapidly increases with the aging time and temperature 26. These observations 
can be used to explain the decreases in hardness of 13-8 when aged at temperatures above 
peak aging temperature. The rapid increase in the amount of austenite can be assumed to 
be the cause for decreases in strength and increases in ductility and impact toughness, 
because austenite is known to be a more ductile phase. A micrograph of reverted austenite 
along prior austenite grain boundaries in 13-8+Mo can be seen in Figure 49 20.      
Alternative Heat Treatments 
Experiments were performed by Lynch et al. to determine the effect of adding a HIP and 
high temperature homogenization step to the typical heat treatment of 13-8+Mo. The 
effect of these experimental heat treatments on the mechanical properties of 13-8+Mo can 
be seen in Table 1427. No significant improvement was seen with the extra 
homogenization step but the HIPed samples showed significant increase in impact 
toughness. Looking at the microstructures it was determined that a decrease in δ-ferrite 
was associated with the higher temperature HIP treatments which could explain the 
improvement in impact toughness. Other important microstructural features which were 
31 
 
found in all of the samples were aluminum nitride inclusions, these inclusions can be 
seen in Figure 50 27.          
Welding of 13-8+Mo 
EB Welding 
Electron Beam welds were made on solution treated samples of 13-8+Mo in experiments 
performed by Tsay et al. LOM and TEM were used to characterize the microstructures and 
hardness measurements were taken across both the weld metal and the base metal. The 
welds were made on solution treated material and were then aged at three different 
temperatures. The hardness traces for all of the welds can be seen in Figure 51 28. It was 
observed that the weld metal was slightly lower in hardness than the base metal for all of 
the welds; this was attributed to the grains being coarser in the weld metal. Peak hardness 
was achieved in the sample which was aged at 482ºC, at aging temperatures above 482ºC 
the hardness decreased which can be explained by the microstructural evolution of the 
material.  
 
The microstructure of the weld metal in the as welded condition consisted of martensite 
with small amounts of retained austenite along grain boundaries. The increase in hardness 
during heat treatment was associated with the precipitation of β-NiAl as expected, and the 
particles remained coherent at all aging temperatures. Therefore the decrease in hardness 
was associated with the formation reverted austenite. Around 5% reverted austenite was 
found in the sample aged at 538ºC and about 12% was found in the sample aged at 593ºC. 
Micrographs of retained austenite, reverted austenite and a coherent precipitate in the weld 
aged at 593ºC can be seen in Figure 52 28.  
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GTAW 
Experiments were performed by Brooks et al. to determine the effect of multi pass GTAW 
on the mechanical properties of three different maraging stainless steels. In this study 13-
8+Mo samples were welded and then aged at various temperatures before mechanical 
properties were tested. The charpy impact toughness and yield strength for the weld and 
base metals as a function of aging time can be seen in Figure 53 29 and Figure 54 29, 
respectively. There is an increase in strength and a decrease in toughness with increasing 
aging temperature until around 500ºC, at which point the strength decreased and the impact 
toughness increased for all samples. It should also be noted that the weld and base metal 
properties differed at low aging temperatures but were relatively close at peak and higher 
aging temperatures 29. The difference between the weld and base metal properties were 
described in terms of particle precipitation. During the welding process each layer of filler 
metal which was deposited was allowed to cool to 65ºC below the martensite start 
temperature before the next layer was deposited. When the next layer is deposited it will 
heat the previous layer to temperatures which can promote precipitation, therefore it is 
possible for precipitates to form in the weld metal which would increase its strength when 
compared to the base metal. This also explains why peak aging temperatures are lower in 
the weld metal than the base metal, the reason is that precipitation has already begun in the 
weld metal before aging while precipitates still need to form in the base metal 29.  
 
Single pass GTAW welds were made on 13-8+Mo samples by AuBuchon and London, 
and their results can be seen in 30. It was observed with a post weld solution treatment or 
aging step it became difficult to differentiate the weld metal from the base metal when 
looking at microstructures and hardness  30. 
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Chapter 2: Microstructural Evolution and 
Mechanical Properties of Simulated Heat Affected 
Zones in Cast Precipitation Hardened Stainless Steels 
17-4 and 13-8+Mo 
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I. Introduction 
Martensitic PH stainless steels 17-4 and 13-8+Mo have been used for a number of 
applications in the aerospace, nuclear and military industries due to their high strength, 
corrosion resistance and relatively good ductility 9,29,31. Both of these materials solidify as 
δ-ferrite, transform almost entirely to austenite upon cooling and finally to martensite upon 
further cooling. The matrix microstructures therefore consist of martensite with 
approximately 10-20% remnant δ-ferrite and less than a few percent retained austenite 
9,19,24,3. The typical heat treatment for these alloys consists of a homogenization step to 
reverse microsegregation from casting, followed by a solution treatment and quench to 
produce martensite that is supersaturated, and a final aging step. The aging step is typically 
conducted at temperatures between 450 and 620ºC for one to five hours to promote the 
formation of fine nanometer scale precipitates. 13-8+Mo is strengthened by β-NiAl 
precipitates and 17-4 is strengthened by BCC copper (Cu) rich precipitates 3. The evolution 
of the matrix microstructure and precipitates through the HAZ will determine the final 
mechanical properties. Therefore, it is necessary to understand the evolution of phase 
transformations within the matrix microstructure during heating and cooling as well as 
potential changes to the morphology of precipitates. Dilatometry experiments were 
performed at various heating rates for PH 17-4 and 13-8+Mo by Kapoor et al. to identify 
precipitation temperatures of these alloys 32. It was determined that precipitation begins at 
temperatures between 400 and 550ºC for both 17-4 and 13-8+Mo and ends at temperatures 
between 500 and 600ºC, depending on the heating rate. It was also observed that the 
martensite to austenite transformation begins at temperatures between 650 and 900ºC and 
ended at temperatures between 750 and 950ºC, depending on heating rate 32. These findings 
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indicate precipitate formation and the martensite to austenite transformation in these 
materials varies significantly with heating rate. Therefore when simulating the HAZ for 
these alloys it will be necessary to determine how the phase transformations progress 
during weld thermal cycles. 
 
MatCalc thermodynamic and kinetic modeling software is a useful tool that can be used to 
predict the evolution of the precipitates in these materials as they are subjected to weld 
thermal cycles. In work performed by Povoden-Karadeniz and Kozeschnik 33 the modeling 
of β-NiAl precipitates in PH 13-8+Mo was investigated. The mean radius, number density, 
and phase fraction of β-NiAl was calculated as a function of aging time at 575ºC. It was 
determined that the critical precipitate radius, after which strength in the material decreased 
was 3.8nm. These findings compared well with experimental data acquired using TEM and 
3D atom probe 33. Similar modeling studies were performed by Holzer and Kozeschnik 34  
calculated the mean radius, number density, and phase fraction of copper precipitates in 
iron-copper systems aged at 500ºC. The results of that work demonstrated that the 
precipitates take on the BCC structure for approximately eight hours after which the 
average size exceeds 4nm and the precipitates take on the FCC structure. These predicted 
trends were consistent with observations found in literature 34,35. 
 
The temperatures experienced in the HAZ of fusion welds are high enough to result in 
coarsening and dissolution of precipitates. Thus, these alloys are typically welded in the 
solution treated condition and then given a post weld aging treatment to promote 
precipitation throughout the base metal, HAZ and fusion zone (FZ) simultaneously 3. 
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However, when welding on a large scale or making a repair welds it may be necessary to 
weld in the aged condition. Thus, it is important to understand how the properties of these 
materials change when welded in different conditions. Experiments were performed by 
Bhaduri et al. 31 on the welding and post weld heat treating (PWHT) of  PH 17-4 welded 
in the solution treated  and  aged conditions using different heat inputs for GTAW and 
submerged metal arc welding (SMAW). They found that welding in the solution treated 
condition resulted in higher and more uniform hardness across the base metal, HAZ and 
FZ than welding in the aged condition. The observed trends in mechanical properties were 
attributed to the dissolution and coarsening of Cu precipitates as well as tempering of the 
martensitic matrix 31. 
 
Many applications involving these materials will require joining, making it necessary to 
understand how the microstructure and mechanical properties of these materials will 
respond to processes such as fusion welding. In this work 13-8+Mo and 17-4 in the solution 
treated and aged conditions were subjected to thermal cycles and peak temperatures 
characteristic of different regions in the HAZ for fusion welding. Dilatometry, LOM and 
microhardness measurements were used to characterize the microstructures, and MatCalc 
was used to predict how the precipitates would be expected to evolve through the HAZ. 
The microstructural findings and modeling results were then compared to the tensile 
properties and hardness measurements for each region of the HAZ for both materials. 
II. Experimental 
The chemical compositions of the PH 17-4 and PH 13-8+Mo alloys used in this study can 
be seen in Table 16. Samples were prepared in the aged condition and the solution treated 
37 
 
condition. 17-4 and 13-8+Mo samples were hot isostatic pressed (HIPed) at 1162ºC and 
103 MPa for 4 hours to eliminate porosity and reverse segregation from casting, after which 
they were air cooled to room temperature. Solution treating was performed for 1 hour at 
1052ºC and 926ºC for 17-4 and 13-8+Mo, respectively, followed by an air cool below 32ºC 
for 17-4 and an argon gas cool followed by a water cool below 15ºC for 13-8+Mo. Some 
samples of 17-4 and 13-8+Mo were then aged for 4 hours at 593ºC and 1.5 hours at 579ºC, 
respectively. 
 
A Gleeble 3500 thermo-mechanical simulator was used in combination with a quartz rod 
piezometric dilatometer to perform dilatometry on samples of each material which were 
6mm in diameter and 70 mm long. These experiments were used to determine austenite 
start and finish temperatures, which were then used to choose peak temperatures for four 
regions of the HAZ in each material. Peak temperatures of 650, 875, 1150 and 1300ºC were 
used for 17-4 and 650, 850, 1150 and 1300ºC were used for 13-8+Mo. All samples were 
heated at 20ºC/s. The peak temperatures were used as inputs into the Sandia Optimization 
and Analysis Routines (SOAR) computer program to calculate thermal cycle cooling rates 
for each sample  that were representative of a heat input of 1500 J/mm 36,37.  
 
Samples of 17-4 and 13-8+Mo that were in either the aged condition or the solution treated 
condition were subjected to each of the thermal cycles. Thermal cycles were performed on 
10mm diameter by 70mm long rods, which were then machined into samples for tensile 
tests that were performed to ASTM A370-12a 38 using a modified double reduced geometry 
to ensure failure within the targeted region of the HAZ. Samples of 17-4 and 13-8+Mo 
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which were in the solution treated condition prior to the thermal cycles were aged for 1.5 
hours at 579ºC and 4 hours at 593ºC, respectively, before mechanical testing was 
performed. The S-A-W condition refers to samples that were subjected to weld thermal 
cycles in the solution and aged condition, while the S-W-A condition refers to samples that 
were subjected to the simulated weld thermal cycles in the solution treated condition and 
then given a post simulation age. 
 
Thermal cycles were also performed on samples of each material which were 6mm 
diameter by 70mm long for characterization. Samples of 17-4 and 13-8+Mo which were 
subjected to each thermal cycle in both conditions were prepared using standard 
metallographic procedures with a final polishing step of 0.05 μm colloidal silica. All 
samples were etched using a tint etchant consisting of 100 mL stock solution of 5 parts 
water and 1 part hydrochloric acid with 1 g of potassium metabisulfide and 2g ammonium 
biflouride. An electrolytic etchant was also applied using 20g NaOH and 100mL of water 
to reveal the presence of δ-Ferrite according to etchant 220 of ASTM E407 39. 
Microstructures were characterized using a Reichert Jung MeF3 light optical microscope. 
Microhardness indentations were also made on the different constituents in each 
microstructure using a LECO LM 248 AT hardness indenter with a 10 g load and a 13 
second dwell time. 
 
Autogenous GTAW welds were made on samples of 17-4 and 13-8+Mo in both conditions 
for comparison with the simulated HAZ samples. GTA welds were made using a current 
of 175A, voltage of 11.5 V, and travel speed of 2 mm/s with argon shielding gas. The welds 
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were cross-sectioned and prepared using the same methods described for the simulated 
HAZ samples. 
 
MatCalc thermodynamic and kinetic modeling software was used to model the behavior of 
the Cu-rich precipitates in 17-4 and of the β-NiAl precipitates in 13-8+Mo. The phase 
fraction, number density, and mean radius of precipitates were modeled as a function of 
time for both systems as they were exposed to each of the HAZ thermal cycles. Thermal 
cycles were simulated before and after the aging treatments so a direct comparison could 
be made between the modeling results and the HAZ mechanical properties.  
III. Results and Discussion 
A. Dilatometry 
Dilatometry was performed to determine the transformation start and finish temperatures 
during the weld thermal cycles for both materials.  The dilation curves showing radial 
expansion as a function of temperature for each region of the HAZ for 17-4 and 13-8+Mo 
can be seen in  Figure 55 and  Figure 56, respectively. The 650ºC peak temperature was 
below the AC1 temperature for both alloys so there was no indication of a phase 
transformation in the dilation plots and this HAZ region was termed the subcritical heat 
affected zone (SCHAZ). The 850ºC and 875ºC peak temperatures were between AC1 and 
AC3 and partial austenite transformation was expected on heating. It can be seen in the 
dilation plots that a phase transformation began at 805ºC and 733ºC for 17-4 and 13-8+Mo, 
respectively. However, the transformation at these temperatures was not completed before 
cooling as indicated by the dilation plots and this region was labeled the intercritical heat 
affected zone (ICHAZ). At a peak temperature of 1150ºC the sample was above AC3 and 
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represented a region where complete austenite transformation was expected on heating. In 
the dilation plots on heating a deviation from linear expansion begins and ends at 805ºC 
and 925ºC for 17-4, and 730ºC and 897ºC for 13-8+Mo indicating martensite to austenite 
transformation start and finish temperatures. Thus, full austenite transformation was 
expected on heating which is expected to result in a near full as-quenched martensite 
structure at room temperature, therefore this region was labeled the as-quenched martensite 
heat affected zone (AQMHAZ). Finally the 1300ºC peak temperature was above the ferrite 
start (AC4) temperature and increased ferrite formation was expected. In the dilation plots 
a deviation from linear dilation can be seen at 1075ºC for 17-4 and 1175ºC for 13-8+Mo 
indicating δ-ferrite start temperatures. However, the δ-ferrite transformation did not finish 
therefore this region was labeled the martensite ferrite heat affected zone (MFHAZ). The 
determined transformation temperatures accompanied by the HAZ thermal cycles and 
precipitate dissolution temperatures determined using MatCalc can be seen Figure 57 and 
Figure 58 for 17-4 and 13-8+Mo, respectively. The precipitate dissolution temperatures 
determined using MatCalc indicate precipitate dissolution could occur within the ICHAZ, 
AQMHAZ, and MFHAZ for both systems. 
B. Microstructural Observations 
The microstructures of the base metals and simulated HAZ samples for 17-4 and 13-8+Mo 
prepared in the S-A-W condition can be seen in Figure 59 and Figure 60, respectively. The 
base metal microstructures consisted of martensite and varying amounts of remnant δ-
ferrite. The SCHAZ reached a peak temperature below AC1 so austenite did not form upon 
heating. Thus, the final microstructures were similar to the base metal though the 
martensite experienced additional tempering due to the thermal cycle. The ICHAZ reached 
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peak temperatures above the measured AC1 and below AC3, thus leading to partial 
austenite transformation during heating. This is consistent with the dilation plots that 
exhibited a deviation from the local baseline at 800ºC for 17-4 and 730ºC for 13-8+Mo. 
The 17-4 and 13-8+Mo ICHAZ microstructures had as-quenched martensite along the prior 
austenite grain boundaries as seen in Figure 59c and 6c, respectively. The as-quenched 
martensite formed on cooling from the austenite that formed on heating. The AQMHAZ 
and MFHAZ both experienced temperatures above AC3 and exhibited complete 
transformation to austenite upon heating. The 17-4 samples show almost complete 
transformation of austenite in the AQMHAZ and MFHAZ, which is indicated by the 
dilation plots as well as the photomicrographs in which the matrix consisted of as-quenched 
martensite. There is also an increase in the amount of δ-ferrite in both regions, which can 
be seen in the photomicrographs. According to the dilation plots for 17-4 the δ-ferrite start 
temperature was 1075ºC, indicating an increase in the δ-ferrite should be expected in the 
AQMHAZ and MFHAZ which experienced peak temperatures of 1150ºC and 1300ºC, 
respectively. There was a significant presence of a lamellar looking constituent in the 
AQMHAZ as well, that was determined to consist of δ-ferrite and as-quenched martensite. 
Low load microhardness measurements, which can be seen in Figure 61 were taken from 
the different constituents in the AQMHAZ to help confirm this. The average δ-ferrite 
hardness was found to be 243 HV, the as-quenched martensite hardness was found to be 
344HV and regions that contained a lamellar structure of both phases averaged a hardness 
of 298HV. Dilation plots for 13-8+Mo indicate full transformation of austenite on heating 
in both the AQMHAZ and MFHAZ and the matrix of each microstructure consists of as-
quenched martensite. However, the δ-ferrite start temperature for the 13-8+Mo samples 
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was determined to be 1175ºC and it can be seen that there is no change to the δ-ferrite in 
the AQMHAZ and an increased amount of δ-ferrite in the MFHAZ.  
 
Light optical photomicrographs taken from the HAZ of the autogenous GTAW weld made 
on 17-4 in the S-A-W condition can be seen in Figure 62. The microstructures from the 
GTAW HAZ showed good agreement with the microstructures observed in the simulated 
HAZ samples. The base metal consisted of tempered martensite and δ-ferrite while the 
SCHAZ appeared similar to the base metal but should be more tempered due to the 
increased temperatures experienced during the thermal cycle. The ICHAZ consisted of 
over tempered martensite and small amounts of as-quenched martensite. The AQMHAZ 
was primarily as-quenched martensite with increased amounts of δ-ferrite and near the 
fusion zone the MFHAZ consisted of as-quenched martensite and large amounts of δ-
ferrite. The microstructural trends which have been observed were similar to trends 
observed in work performed by Das et al. 4 on the weldability of PH 17-4 in the overaged 
condition. In their work GTAW welds were made on wrought 17-4 in the overaged 
condition and LOM was used to characterize the microstructures. It was determined that 
the HAZ consisted of varying amounts of tempered and as-quenched martensite, and that 
the δ-ferrite content increased with proximity to the fusion zone. Increased amounts of 
retained austenite were also observed in the higher temperature regions of the HAZ 4. In 
other experiments performed by Bhaduri et al.19, GTAW welds were made on samples in 
the peak aged condition. It was determined that the martensite evolved through the HAZ 
in the same manner as was observed in this work, however no observations were made on 
the changes to the δ-ferrite morphology19.  
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Light optical photomicrographs taken from the HAZ of autogenous GTAW welds made on 
13-8+Mo can be seen in Figure 63. The base metal and SCHAZ consisted of tempered 
martensite. The ICHAZ contained as-quenched martensite along the prior austenite grain 
boundaries. The AQMHAZ and MFHAZ consisted almost completely of retransformed 
martensite and this was consistent with the simulated microstructures. It should be noted 
that there was no significant presence of δ-ferrite in the base metal or any of the GTAW 
HAZ regions until reaching the MFHAZ. The material used for making the welds was from 
a different heat than the simulated HAZ samples, so it is possible that the size of the plates 
and variation in composition lead to the decreased presence of δ-ferrite. Studies performed 
by Cieslak et al. 22 on the high temperature solidification behavior of 13-8+Mo found that 
slight changes in composition and slower cooling rates that occur in larger castings could 
result in a nearly δ-ferrite free structure 22. These findings are also supported by the work 
of Lynch et al.27 in a heat treat study on cast PH 13-8+Mo. It was observed that longer 
times at high temperature resulted in a decrease in the δ-ferrite content 27. Further 
investigation of the processing conditions of the as-received plates is required to explain 
the discrepancies in δ-ferrite content, though the presence of δ-ferrite did not appear to 
have a significant effect on the mechanical properties.  
 
The aging treatment applied to the S-W-A samples had no significant effect on the matrix 
microstructure. Light optical photomicrographs of the 17-4 and 13-8+Mo samples prepared 
in the S-W-A condition can be seen in Figure 64 and Figure 65, respectively. The evolution 
of the δ-ferrite remained the same, but the as-quenched martensite that formed during the 
HAZ thermal cycles was tempered due to the aging treatment, and the martensite which 
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was tempered prior to aging was further tempered. A 20g NaOH, 100ml water electrolytic 
etch was applied to the 13-8+Mo MFHAZ sample to help resolve the δ-Ferrite a 
photomicrograph of which can be seen in Figure 65F. 
B. Mechanical Properties 
The tensile properties of 17-4 and 13-8+Mo simulated HAZ samples in the S-A-W and S-
W-A conditions can be seen in Figure 66 and Figure 67. The 17-4 and 13-8+Mo samples 
prepared in the S-A-W condition showed decreased yield strength through the HAZ when 
compared to their respective base metals. Samples prepared in the S-W-A condition 
possessed higher and more uniform yield strength values through the HAZ for both 
materials. The tensile strength of both materials in both conditions remained constant 
through all regions of the HAZ. This indicated that the loss in yield strength was recovered 
through work hardening before failure. Note that the trend observed here, in which the 
strength increases during aging, cannot be associated with tempering of martensite within 
the matrix microstructure. Typically tempered martensite produces decreased strength 
when compared to as-quenched martensite40. The HAZ samples prepared in the S-W-A 
condition possessed microstructures that consisted of primarily tempered martensite and 
showed higher strength values than samples prepared in the S-A-W condition which 
contained as-quenched martensite. Thus, the increase in strength associated with the aging 
treatment can be attributed to reformation of the strengthening precipitates. MatCalc 
modeling was employed to investigate the expected changes in precipitate morphology 
during welding and subsequent heat treatment as an aid to interpreting the mechanical 
property results. 
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Hardness traces taken across the fusion zone, HAZ and base metal of GTA welds on 17-4 
and 13-8+Mo in both conditions can be seen in Figure 68 and Figure 69, respectively. 17-
4 and 13-8+Mo prepared in the S-A-W condition showed decreased hardness in the HAZ 
when compared to the respective base metals. It was also observed that the hardness values 
were more uniform through the HAZ in samples prepared in the S-W-A condition when 
compared to the S-A-W condition. A direct comparison cannot be made between the 
GTAW and simulated samples due to the variable heating rates experienced in the GTAW 
HAZ, however it is evident that dissolution and reprecipitation are occurring in the HAZ 
and contributing the variations in the mechanical properties as seen in the simulated HAZ 
samples.  
C.  Modeling Results 
The strengthening in PH stainless steels arises from the hindering of dislocation movement 
during plastic deformation by fine nanometer sized precipitates. The peak hardness in 17-
4 and 13-8+Mo arises when the precipitates size is between 2-5 nm for 17-4 and 2-4 nm 
for 13-8+Mo, at which point they are coherent with the matrix and the dislocations must 
shear through them during deformation 7,33,41. This information can be used to relate trends 
in the mechanical properties to the phase fraction, mean radius and number density of 
precipitates in these materials.    
 
The MatCalc results showing the thermal cycle accompanied by the phase fraction, mean 
radius and number density of BCC Cu rich precipitates for the MFHAZ of 17-4 can be seen 
in Figure 70. The phase fraction number density and mean radius drop to zero during the 
thermal cycle indicating complete dissolution of the precipitates. The phase fraction was 
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low for the remainder of the thermal cycle while the mean radius increases slightly and the 
number density increases significantly. These observations indicated some minor 
reprecipitation during the cooling portion of the thermal cycle. The final values of phase 
fraction, mean radius and number density were determined using this process for each 
thermal cycle in both conditions and are summarized in Figure 71. According to the 
modeling results for the S-W-A condition there was relatively no change to the Cu-
precipitates in SCHAZ for 17-4 when compared to the base metal. Therefore the decrease 
in strength observed during the mechanical testing is attributed to additional tempering of 
the martensitic matrix that occurs during the weld thermal cycle. The ICHAZ experienced 
a peak temperature above AC1 and below AC3, which would indicate partial austenite 
transformation on heating. For this condition, the modeling results show a slight decrease 
in the mean radius size, phase fraction, and number density of the Cu precipitates, 
indicating partial dissolution. If any partial dissolution of the precipitates occurred within 
the austenite that formed on heating it could result in the stabilization of austenite down to 
room temperature. Using TEM Viswanathan et al.12 observed the stabilization of austenite 
down to room temperature due to dissolution of Cu precipitates in PH 17-4 during aging 
experiments. This stabilization was attributed to Cu enrichment of the austenite caused by 
the precipitate dissolution, as copper is an austenite stabilizing element that, when 
dissolved in high enough quantities, was believed to suppress the martensite start (Ms) 
temperature below room temperature 12. The slight dissolution of the precipitates, coupled 
with an increase in retained austenite would explain the decrease in strength observed in 
this region of the HAZ. The AQMHAZ and MFHAZ both experience temperatures above 
AC3, resulting in a full austenite transformation on heating. Austenite has a higher 
47 
 
solubility than martensite for Cu and with the increased temperatures, complete dissolution 
of the precipitates was predicted as indicated by the phase fraction, mean radius and 
number density dropping. It should also be noted that on cooling there is some reformation 
of small precipitates. These precipitates have an average radius of 0.5 nm, which would 
not be expected to provide a significant increase in strength. According to atom probe 
tomography results presented by Murthy 7 the peak hardness was not achieved in samples 
of 17-4 until the mean radius size was greater than 2 nm7. Therefore the low strength values 
which were determined in AQMHAZ and MFHAZ are consistent with the nearly complete 
precipitate dissolution predicted from the modeling results. 
 
The evolution of β-NiAl precipitates through the four regions of the HAZ was similar to 
the Cu rich precipitate evolution observed in 17-4. The phase fraction, mean radius and 
number density of strengthening precipitates in each region of the HAZ of 13-8+Mo in the 
S-A-W and S-W-A conditions can be seen in Figure 72. The SCHAZ in the S-A-W 
condition shows a slight decrease in the mean radius, number density and phase fraction of 
β-NiAl, which indicates minor dissolution. This slight dissolution, accompanied by further 
tempering of the martensite, is consistent with the reduction in strength. The phase fraction, 
number density and mean radius are reduced to near zero in the ICHAZ, AQMHAZ, and 
MFHAZ, and this is also consistent the decreased strength observed in these three regions. 
There is some re-precipitation on cooling in AQMHAZ and MFHAZ, but the average 
radius remains around 0.5 nm and the phase fraction is only about 0.05. Work performed 
by Ping et al.41 on the characterization of β-NiAl precipitates in a similar 13Cr-8Ni-2.5Mo-
2Al stainless steel showed that maximum strength was achieved when precipitates were in 
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the 1-5 nm range and 0.01-1 volume percent range41. Based on these results, the low phase 
fraction of very small precipitates expected to form in the ICHAZ, AQMHAZ, and 
MFHAZ regions would not be expected to significantly contribute to strengthening.  
It can be seen from the modeling results for the samples simulated in the S-W-A condition 
that for both materials the final phase fraction, mean radius, and number density is 
relatively constant through each of the four regions of the HAZ. The uniform size and 
distribution of precipitates explained the higher and more uniform strength which was 
measured in the samples tested in the S-W-A condition when compared to samples in the 
S-A-W condition. 
IV. Conclusions 
A study was conducted to determine the effects of welding thermal cycles on the 
microstructures, mechanical properties and precipitate evolution of PH 17-4 and PH 13-
8+Mo. Thermal cycles were performed on material in the aged condition and solution 
treated condition, after which solution treated samples were given a post simulation age. 
The following conclusions can be drawn from this work.  
1. Simulated HAZ and GTAW microstructures consisted of tempered martensite in 
the base metal and SCHAZ, over tempered and as-quenched martensite in the 
ICHAZ and primarily as-quenched martensite in the AQMHAZ and MFHAZ. δ-
ferrite content increased in the AQMHAZ and MFHAZ of 17-4 samples and 
increased in the MFHAZ of the 13-8+Mo samples. 
2. The yield strength was significantly reduced in the 17-4 and 13-8+Mo HAZ 
samples prepared in the S-A-W condition when compared to their respective base 
metals. The loss in strength was attributed to the dissolution of the strengthening 
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precipitates. The tensile strength of HAZ samples for both materials in both 
conditions remained constant regardless of heat treatment, which was attributed to 
work hardening. 
3. The 17-4 and 13-8+Mo HAZ samples prepared in the S-W-A condition had higher 
and more uniform yield when compared to the samples prepared in the S-A-W 
condition. The improved strength was attributed to the formation and growth of 
precipitates uniformly in each region of the HAZ for the S-W-A condition  
4. Changes observed in the matrix microstructure (i.e., the relative phase balance of 
martensite, austenite, and ferrite) had a minimal effect on the mechanical 
properties. Decreased strength in S-A-W samples was attributed to the dissolution 
of Cu rich and β-NiAl precipitates through the HAZ of 17-4 and 13-8+Mo, 
respectively. The uniform strengths seen in the S-W-A condition was attributed to 
precipitate nucleation and growth within each region of the HAZ. 
5. MatCalc thermodynamic and kinetic modeling software predicted complete 
dissolution of precipitates in the HAZ of samples prepared in the S-A-W condition. 
Samples which were prepared in the S-W-A condition were predicted to have 
relatively uniform precipitate size, phase fraction and number density in all four 
regions of the HAZ, these modeling results were consistent with the observed trends 
in mechanical properties. 
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Table 1: Mechanical Properties of Ti-6Al-4V2  
Property (units) Ti-6Al-4V RHA Steel Al 5083 
Tensile Strength, (ksi) 140 170 60 
Density, (lbs/in3) 0.16 0.29 0.096 
Specific Strength, (ksi/lbs/in3) 875 600 625 
Areal Density, (lbs/ft2/in) 23 40.8 13.8 
Mass Efficiency 1.6 1 0.9-1.2 
Space Efficiency  0.9 1 0.3-0.4 
Cost ($/lb for 1 in plate) 8.0-12.0 0.6 2.0-3.0 
 
 
Table 2: Mechanical Properties of PH Stainless Steels 13-8+Mo, 17-4, 17-4+Co after Heat Treatment.  
Alloy 
Impact Toughness 
(Ft. Lbs.) 
Tensile Strength 
(PSI) 
Yield Strength 
(PSI) 
Hardness 
(HBW) 
PH 13-8+Mo 6 215,000 202,000 432 
PH 17-4 3.5 191,000 166,000 418 
PH 17-4+Co 2 209,000 186,000 430 
 
Table 3: Maraging Stainless Steels 13-8+Mo, 17-4, and 17-4+Co Compositions 
 
 
Table 4: Amount of retained austenite present in samples of investment cast CB7Cu-1 quenched after 
various heat treatments 5 
Sample Material Conditioning 
Cooling 
Treatment 
Retained 
Austenite (γ) 
1 CB7Cu-1 IC 
HIP 1162°C / 4hr / 15 ksi  
SA 1050°C / 1hr 
Water (RT) None Detected  
2 CB7Cu-1 IC SA 1050°C / 1hr Water (RT) None Detected  
3 CB7Cu-1 IC 
HIP 1162°C / 4hr / 15 ksi  
SA 1050°C / 1hr 
Water (RT) None Detected  
4 CB7Cu-1 IC SA 1050°C / 1hr LN2-24hr (-180˚C None Detected  
5 CB7Cu-1 IC SA 1050°C / 1hr Still Air (RT) None Detected  
6 
CB7Cu-1+High 
Carbon (0.11) 
SA 1050°C / 1hr Water (RT) 9.12% 
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Table 5: Effect of aging conditions on hardness of 17-4PH SS 9 
    Hardness 
Condition 
Aging 
Temperature 
(°C) 
Martensitic 
Structure 
Holding Time 
(Hours) 
HRC HV 
- 300 Underaged  4 38 375 
- 400 Underaged  4 43 425 
H900 482 Aged 1 45 446 
H925 496 Overaged 4 43 423 
H1025 551 Overaged 4 38 372 
H1075 580 Overaged 4 37 363 
H1150 621 Overaged 4 35 345 
H1150-M 621 Overaged 4 33 327 
 
 
Table 6: Heat treatments for Cb7Cu-1 5 
  Standard Practice Plus Practice (Later Studies) 
HIP - 2125°F /4hrs /15 ksi 
Homogenization - 1920°F / 1.5 hr 
Solution Annealing 1925°F / 0.5 hr 1925°F / 1 hr 
Quench/Cryogenic 
Treatment Water Quench at 55°F Water Quench - 55°F, 8 hr 
Age Hardening 900°F, 1.5 hr 875-900°F, 2.5-4 hr 
 
 
Table 7: Mechanical Properties of Cb7Cu-1 heat treated in conditions from Table 6 5 
Specimen 
Tensile 
Strength (ksi) 
Yield at 0.2% 
Offset (ksi) 
%Elongation 
Impact Energy 
(ft-lbs) 
As Cast 95.9 95.8 10% 5.1 
SP/IC 173.1 145.4 15% 1.6 
SP/SC-1" 194.6 176 12% 1.6 
SP/SC-0.5" 190 167.6 7% 2.9 
Plus 
Practice/IC 
184.2 163.1 14% 1.5 
Plus Practice 
/H900-2.5hr 
171 152.3 6.3% 2.4 
Plus Practice 
/H900-4.0hr 
180.5 166.3 23.6% 5.7 
Plus Practice 
/H875-2.5hr 
183.9 168.9 11.8% 2.2 
Plus Practice 
/H875-4.0hr 
194.5 173.6 19.1% 3.6 
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Table 8: Multistaged heat treatment conditions for Cb7Cu-1 5 
Specimen 
Description 
HIP 
Homogenization 
Conditions 
Solution 
Treatment 
Conditions 
Ageing Step 1 Ageing Step 2 
SP no N/A 1925°F, 1 hr 900°F / 1 hr N/A 
850-1/900-4 no 2000 °F / 2 hrs 1925°F, 1 hr 850°F / 1 hr 900°F / 4 hrs 
850-1/950-4 no 2001 °F / 2 hrs 1925°F, 1 hr 850°F / 1 hr 950°F / 4 hrs 
850-4/900-1 no 2002 °F / 2 hrs 1925°F, 1 hr 850°F / 4 hrs 900°F / 1 hr 
950-1/850-4 no 2003 °F / 2 hrs 1925°F, 1 hr 950°F / 1 hr 850°F / 4 hrs 
850-1/900-4 
+HIP 
yes 2004 °F / 2 hrs 1925°F, 1 hr 850°F / 1 hr 900°F / 1 hr 
 
 
Table 9: Mechanical properties of samples of Cb7Cu-1 treated in the conditions from Table 85 
Specimen 
Description  
UTS 
(ksi) 
0.2% YS 
(ksi) %Elongation 
Impact (ft-
lbs) 
SP 182 167 14 3 
850-1/900-4 190.4 170.9 14 4 
850-1/950-4 190.7 171.7 14 2 
850-4/900-1 194.5 170.6 14 2 
950-1/850-4 181 163 15 5 
850-1/900-4 +HIP 196 176.1 14 6 
 
 
Table 10: Mechanical properties of EB welded 17-4 PH SS under various conditions 9 
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Table 11: Mechanical properties of EB 17-4 PH SS in the aged condition and welded in the solution 
treated condition 18 
Condition 
0.2% YS 
ksi(Mpa) 
UTS 
ksi(Mpa) 
Elongation % in 
25mm 
Hardness 
Rc 
Design Value  185(1274) 200 (1379) 14 (in 50mm) 44 
Unwelded 
Specimens 
186(1281) 200.7(1380) 12 42 
186(1281) 200.7(1380) 12.5 42.5 
185(1274) 200.7(1380) 12 42.5 
Mean 185.6(1274) 200.7(1380) 12.1 42.3 
Welded Specimens 
180.5(1243) 193.2(1329) 12.5 41.5 
178.4(1229) 190.7(1312) 12.8 41 
179.5(1241) 188.2(1294) 13 40 
176.3(1214) 192.0(1320) 12.5 41 
180.2(1241) 193.5(1331) 12.5 41 
Mean 178.9(1232) 191.5(1317) 12.6 40.9 
 
 
Table 12: Hardness values of aged 17-4 with 0%(A), 3%(B) and 7%(C) Co additions 7 
  A B C 
Temperature 
°C (F) 
Time 
(hr) 
Hardness 
(HRC) 
Time 
(hr) 
Hardness 
(HRC) 
Time 
(hr) 
Hardness 
(HRC) 
454(850) 2 44 2 45 4 48 
468(875) 1.75 44 1.5 44 1.75 45 
482(900) 1.25 43 1.25 44 1.5 46 
 
 
Table 13: Mechanical Properties of 17-4 PH SS in peak aged condition with Co additions of 0%, 3%, 
and 7% 7  
Alloy  UTS (Mpa) YS (Mpa) Elongation % CVN toughness (J) 
Base 1280±13 1140±22 7.4±0.004 3.7±0.4 
3wt.% Co 1360±5 1250±8 9.3±0.6 5.6±0.5 
7wt. % Co 1440±7 1290±16 9.3±0.2 5.3±0.3 
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Table 14: Tensile properties and impact toughness for 13-8+Mo PH SS after various heat treatments 
27 
 
HIP Homogenize ST  AGE 
UTS 
(ksi) 
0.2% YS 
(ksi) 
EL 
(%) 
CVNRT 
(ft-lbs) 
Hardness 
(HRC) 
HIP 
2125°F N/A 1700°F 1000°F 214 201 7 11 50 
HIP 
1950°F N/A 1700°F 1000°F 220 203 10 9 52 
N/A N/A 1700°F 1000°F 219 203 7 4 53 
HIP 
2125°F N/A 1700°F 950°F 223 204 6 7 50 
HIP 
1950°F N/A 1700°F 950°F 223 202 9 5 52 
N/A N/A 1700°F 950°F 222 200 5 3 53 
HIP 
2125°F 1950°F 1700°F 950°F 226 204 11 7 52 
HIP 
1950°F 1950°F 1700°F 950°F 224 202 10 6 48 
N/A 1950°F 1700°F 950°F 225 204 10 5 51 
HIP 
2125°F 2125°F 1700°F 950°F 224 202 9 9 52 
HIP 
1950°F 2125°F 1700°F 950°F 226 206 3 5 52 
N/A 2125°F 1700°F 950°F 219 206 2 4 52 
HIP 
2125°F N/A 1900°F 950°F 228 204 8 5 52 
HIP 
1950°F N/A 1900°F 950°F 227 202 8 3 52 
N/A N/A 1900°F 950°F 225 200 6 4 52 
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Table 15: Mechanical Properties of GTAW 13-8+Mo PH SS in as welded condition and after PWHT 
30 
 
Heat 
Treatment 
UTS 
ksi(Mpa) 
YS 
ksi(Mpa) 
Elongation 
(%) 
Reduction in 
Area (%) 
Hardness 
(HRC) 
Standard1 223(1540) 207(1430) 12 49.9 46-47 
Standard1,2 222(1530) 218(1500) 15 - 46-47 
Age at 
1000°F3 206(1420) 200(1380) 12.5 52.3 43 
Cold Treat 
at 2°F 222(1520) 206(1420) 12.6 43.4 45-46 
Postweld 
heat treat4 225(1550) 213(1470) 6 20.2 - 
Postweld 
heat treat5 218(1500) 208(1430) 8.6 41.8 - 
1.Homogenization 1900°F, solution 1700°F, cold treat -90°F, age 950°F. 2. Flat 
bar cut from casting. 3. Bars were heat treated to the RH1000 condition for 
fatigue testing. Two were used or static tensile tests. 4. Solution 1700°F, cold 
treat -90°F, age 950°F. 5. As in 4, but to solution treatment 
 
Table 16: Chemical Composition of PH 17-4 and PH 13-8+Mo used in this study. All values are in 
weight percent. 
  Fe Cr Ni C Mn Cu Mo Al Si P S Nb 
17-4 
(Heat 1) 
Bal. 16.24 3.96 0.03 0.49 3.00 0.11 0.00 0.75 0.02 0.01 0.20 
13-8+Mo 
(Heat 1) 
Bal. 12.70 7.87 0.03 0.16 0.05 2.23 1.14 0.21 0.01 0.01 0.00 
17-4 
(Heat 2) 
Bal. 16.08 4.09 0.03 0.41 3.02 0.21 0.00 0.83 0.03 0.02 0.20 
13-8+Mo 
(Heat 2) 
Bal.  12.71 7.90  0.06  0.19  0.13  2.27  0.77  0.22  0.01  0.03  0.00  
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Figure 1: LOM image of  ferrite stringers in a martensite matrix of 17-4 PH stainless steel 6 
 
 
 
Figure 2: Fe-Cr-C equilibrium phase diagram for 17% Cr 8 
C1 = M23C6 
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Figure 3: Optical micrograph showing δ-ferrite elongated in the rolling direction of wrought PH 17-4 
Stainless Steel. (NaOH electrolytic etch) 9 
 
 
Figure 4: Graph showing δ-ferrite dissolution fraction compared to time and temperature 5 
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Figure 5: Effect of retained austenite on 15-7 PH stainless steel 11 
 
 
Figure 6: Reverted austenite within a martensitic matrix of an overaged sample of 17-4 4 
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Figure 7: Illustration of the transformation from austenite to martensite. O indicates the positions of 
the Fe atoms, X indicates the positions available for C atoms 13 
 
 
Figure 8: Illustration describing martensite laths, blocks and packets14 
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Figure 9: Light optical image of tempered martensite in maraging 17-4 stainless steel 12. 
 
 
Figure 10: Dark field TEM micrograph of homogenous copper precipitation in 17-4 PH stainless steel 
12 
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Figure 11: TTT Diagram for copper precipitation in 17-4 PH stainless steel 15 
 
 
Figure 12: Bright field TEM image showing M23C6 Carbides in a sample of maraging 17-4 16 
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Figure 13: Typical precipitation heat treatment diagram for precipitation hardening systems 5 
 
 
Figure 14: Rockwell C hardness for Cb7Cu-1 aged for 2 hours at 454, 500, 510, and 538ºC 5 
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Figure 15: Effect of temperature on the hardening behavior at various aging times for 17-4 PH 
stainless steel 15 
 
 
Figure 16: Illustration of (a) coherent and (b) incoherent aging particulates 17 
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Figure 17: Cross-section of EB weld on a sample of 17-4 PH SS with 3 HAZ regions labeled 9 
 
 
Figure 18: A low mag(c) and a high mag(d) optical micrograph the FZ of EB welded 17-4 PH SS 
showing a martensitic matrix with δ-ferrite in the dendritic regions 9 
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Figure 19: Optical micrograph of  HAZ 1(see Figure 17) of EB welded 17-4 PH SS showing varying 
morphology of δ-ferrite 9 
 
 
Figure 20: Optical micrographs of HAZ 2(see Figure 17) of EB welded 17-4 PH SS taken of the two 
different constituents. Light constituent(d) Dark constituent(e) 9 
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Figure 21: Optical micrograph of  HAZ 3(see Figure 17) of EB welded 17-4 PH SS showing retained 
austenite and retransformed martensite 9 
  
72 
 
 
Figure 22: Optical micrograph of HAZ 4(see Figure 17) of EB welded 17-4 PH SS showing a 
martensitic matrix similar to the solution treated base metal 9 
 
 
Figure 23: Hardness trace and temperature profile through each region of an EB weld on 17-4 PH SS 
9 
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Figure 24: Microhardness profiles across FZ, HAZ, and base metal of EB welds in the as-welded 
condition and after being given a PWHT of 2 hours at 500ºC 9 
 
 
Figure 25: Microhardness profiles across FZ, HAZ, and base metal of EB welds in the as-welded 
condition and after being given a PWHT of 2 hours at 600ºC 9 
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Figure 26: LOM micrographs of the HAZ from the fusion line to the base metal (a-c) and of the 
unaffected base metal (d) for GMAW welds made on 17-4 PH SS in the solution treated condition 19 
 
 
Figure 27: Microhardness traces of the HAZ of GMAW welds made on 17-4 PH SS in the solution 
treated condition using 4 different heat inputs. X axis is the distance from the fusion line in 1 mm 
increments 19 
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Figure 28: LOM micrographs of the HAZ from the fusion line to the base metal (a-c) and of the 
unaffected base metal (d) for GMAW welds made on 17-4 PH SS in the aged condition 19 
 
 
 
Figure 29: Microhardness traces of the HAZ of GMAW welds made on 17-4 PH SS in the aged 
condition using 4 different heat inputs. X axis is the distance from the fusion line in 1 mm increments 
19 
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Figure 30: LOM micrographs of the HAZ from the fusion line to the base metal (a-c) and of the 
unaffected base metal (d) for GMAW welds made on 17-4 PH SS in the overaged condition 19 
 
 
Figure 31: Microhardness traces of the HAZ of GMAW welds made on 17-4 PH SS in the overaged 
condition using 4 different heat inputs 19 
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Figure 32: LOM image of the microstructure of solution annealed 17-4 PH SS 4 
 
 
Figure 33: LOM image of the microstructure of 17-4 PH SS overaged at 621ºC for 4 hours 4 
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Figure 34: LOM image of the weld metal/base metal interface of over aged 17-4 PH SS in the as 
welded condition 4 
 
Figure 35: Hardness trace across the base metal weld metal interface for GTAW welds on overaged 
samples of 17-4 which were give a PWHT of 482ºC for 1,2 and 4 hours 4 
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Figure 36: Hardness trace across the base metal weld metal interface for GTAW welds on overaged 
samples of 17-4 which were give a PWHT of 540ºC for 1,2 and 4 hours 4 
 
Figure 37: Hardness trace across the base metal weld metal interface for GTAW welds on overaged 
samples of 17-4 which were give a PWHT of 621ºC for 1,2 and 4 hours 4 
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Figure 38: Microstructures of 17-4 PH samples as cast and homogenized at 1200ºC 7 
 0% Co: as cast (a) and homogenized for 4h(b), 10.5h(c), and 72h(d) 
 3% Co: as cast (e) and homogenized for 4h(f), 10.5h(g), and 72h(h) 
 7% Co: as cast (i) and homogenized for 4h(j), 10.5h(k), and 72h(l) 
 
 
 
 
Figure 39: 40nm x 40nm x 40nm representative Isosurface of Cu precipitates in (a) 0% Co 17-4PH, 
(b) 3% Co 17-4PH and (c) 7% Co 17-4PH 7 
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Figure 40: normalized and scaled Cu precipitate particle size distributions in (a) 0% Co 17-4PH, (b) 
3% Co 17-4PH and (c) 7% Co 17-4PH 7 
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Figure 41: Martensitic microstructure of 13-8+Mo as solidified 22 
 
 
Figure 42: TEM micrograph of the martensitic matrix seen in Figure 41 showing δ-ferrite 22 
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Figure 43: Dark field TEM image of retained austenite in a martensitic matrix solution treated 13-
8+Mo(a) accompanied by an SAD pattern (b) 23 
 
 
Figure 44: TEM micrograph of overaged at 621ºC 13-8+Mo PH SS showing (a) β-NiAl in a 
martensitic matrix and (b) Laves and M23C6 in a martensitic matrix 24 
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Figure 45: Diagram of β-NiAl precipitate crystal structure 25 
 
 
Figure 46: (a) Bright field TEM image and (b) Dark field image of β-NiAl precipitates in a martensite 
matrix. (c) SAD (d) reciprocal lattice pattern 26 
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Figure 47: Variations in hardness of by aging temperature of 13-8+Mo SS which was solution treated 
for (a) 1h at 1100ºC (b) 4 h at 1100ºC (c) 1h at 900ºC and (d) 4h 900ºC 26 
 
 
Figure 48: (a) Elongation, Yield strength and Tensile Strength (b) Yield Strength and Impact 
toughness. For 13-8+Mo aged at various temperatures 24 
A 
B 
C 
D 
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Figure 49: TEM micrograph of reverted austenite in a sample of 13-8+Mo PH SS aged for 3 hours at 
575ºC 20 
 
 
Figure 50: SEM micrograph of  Aluminum Nitride inclusions in an as polished sample of cast 13-
8+Mo 27 
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Figure 51: Hardness traces across EB welds on 13-8+Mo in the as welded condition and aged at 
900ºF, 1000ºF, and 1100ºF 28 
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Figure 52: TEM micrographs of (a) retained austenite (b) reverted austenite (c) a coherent NiAl 
particle and (d) an EDS spectra of the particle in (c) for a weld on 13-8+Mo which was aged at 593ºC 
28 
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Figure 53: Charpy impact toughness for weld and base metal of GTAW samples of 13-8+Mo PH SS 
as a function of aging temperature 29 
 
Figure 54: Yield strengths for weld and base metal of GTAW samples of 13-8+Mo PH SS as a 
function of aging temperature 29 
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Figure 55: Dilation as a function of temperature for the (A) 650ºC peak temperature, (B) 875ºC peak 
temperature, (C) ºC peak temperature, and (D) 650ºC peak temperature for PH 17-4 samples 
subjected to the HAZ thermal cycles 
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Figure 56: Dilation as a function of temperature for (A) 650ºC peak temperature, (B) 850ºC peak 
temperature, (C) 1150ºC peak temperature, and (D) 1300ºC peak temperature for PH 13-8+Mo 
samples subjected to the HAZ thermal cycles 
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Figure 57: 17-4 HAZ thermal cycles accompanied by transformation temperatures determined using 
dilatometry and precipitate dissolution temperature (PD) predicted using MatCalc 
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Figure 58: 13-8+Mo HAZ thermal cycles accompanied by transformation temperatures determined 
using dilatometry and precipitate dissolution temperature (PD) predicted using MatCalc 
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Figure 59: LOM photomicrographs of  17-4 simulated HAZ samples in the S-A-W condition showing 
the (A) BM, (B) SCHAZ, (B) ICHAZ, (C) AQMHAZ, and (D) MFHAZ. TM = Tempered Martensite, 
AQM = As-Quenched Martensite, δ = δ-Ferrite 
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Figure 60: LOM photomicrographs of 13-8+Mo simulated HAZ samples in the S-A-W condition 
showing the (A) BM, (B) SCHAZ, (C) ICHAZ, (D) AQMHAZ, and (E) MFHAZ. TM = Tempered 
Martensite, AQM = As-Quenched Martensite, δ = δ-Ferrite 
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Figure 61: 17-4 S-A-W AQMHAZ showing average hardness values between the AQM, δ-Ferrite and 
mixed AQM and δ-Ferrite regions 
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Figure 62: LOM photomicrographs taken of the HAZ in a GTA weld made on 17-4 in the aged 
condition from (A) the base metal, (B) SCHAZ, (C) ICHAZ, (D) AQMHAZ, (E) MFHAZ. TM = 
Tempered Martensite, AQM = As-Quenched Martensite, δ = δ-Ferrite 
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Figure 63: LOM photomicrographs taken of the HAZ in a GTA weld made on 13-8+Mo in the aged 
condition from (A) the base metal, (B) SCHAZ, (C) ICHAZ, (D) AQMHAZ, (E) MFHAZ. TM = 
Tempered Martensite, AQM = As-Quenched Martensite, δ = δ-Ferrite 
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Figure 64: LOM photomicrographs of 17-4 simulated HAZ samples in the S-W-A condition showing 
the (A) BM, (B) SCHAZ, (C) ICHAZ, (D) AQMHAZ, and (E) MFHAZ. TM = Tempered Martensite, 
AQM = As-Quenched Martensite, δ = δ-Ferrite 
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Figure 65: LOM photomicrographs of 13-8+Mo simulated HAZ samples in the S-W-A condition 
showing the (A) BM, (B) SCHAZ, (C) ICHAZ, (D) AQMHAZ, and (E) MFHAZ (F) MFHAZ etched 
using NaOH to reveal  δ-Ferrite. TM = Tempered Martensite, AQM = As-Quenched Martensite, δ = 
δ-Ferrite 
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Figure 66: Tensile properties of the base metal and each region of the HAZ for 17-4 simulated HAZ 
samples prepared in (A) The S-A-W condition and (B) The S-W-A condition 
A 
B 
102 
 
 
Figure 67: Tensile properties of the base metal and each region of the HAZ for 13-8+Mo simulated 
HAZ samples prepared in (A) The S-A-W condition and (B) The S-W-A condition 
A 
B 
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Figure 68: 17-4 GTAW hardness traces measured across the fusion zone, HAZ, and base metal for 
welds in both the S-A-W condition and the S-W-A condition 
 
 
Figure 69: 13-8+Mo GTAW hardness traces measured across the fusion zone, HAZ, and base metal 
for welds in both the S-A-W condition and the S-W-A condition 
 
Fusion Zone HAZ Base Metal 
Fusion Zone HAZ Base Metal 
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Figure 70: Thermal cycle, phase fraction, mean radius and number density of Cu precipitates in the 
MFHAZ of 17-4 simulated in the S-A-W condition, determined using MatCalc 
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Figure 71: Phase fraction, mean radius and number density of Cu precipitates for each region of the 
HAZ for 17-4 simulated in the S-A-W and S-W-A conditions 
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Figure 72: Phase fraction, mean radius and number density of β-NiAl precipitates for each region of 
the HAZ for 13-8+Mo simulated in the S-A-W and S-W-A conditions 
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